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Abstract

The lymphatic vascular system plays an active role in immune cell trafficking, inflammation
and cancer spread. In order to provide an in vivo tool to improve our understanding of lym-
phatic vessel function in physiological and pathological conditions, we generated and char-
acterized a tdTomato reporter mouse and crossed it with a mouse line expressing Cre
recombinase under the control of the lymphatic specific promoter Prox1 in an inducible fash-
ion. We found that the tdTomato fluorescent signal recapitulates the expression pattern of
Prox1 in lymphatic vessels and other known Prox1-expressing organs. Importantly, tdTo-
mato co-localized with the lymphatic markers Prox1, LYVE-1 and podoplanin as assessed
by whole-mount immunofluorescence and FACS analysis. The tdTomato reporter was
brighter than a previously established red fluorescent reporter line. We confirmed the appli-
cability of this animal model to intravital microscopy of dendritic cell migration into and within
lymphatic vessels, and to fluorescence-activated single cell analysis of lymphatic endotheli-
al cells. Additionally, we were able to describe the early morphological changes of the lym-
phatic vasculature upon induction of skin inflammation. The Prox1-Cre-tdTomato reporter
mouse thus shows great potential for lymphatic research.

Introduction

The lymphatic vascular system has an important physiological role in the maintenance of tissue
fluid homeostasis, the transport of antigens and immune cells from the periphery to lymph
nodes where the adaptive immune response occurs, and the intestinal absorption of dietary lip-
ids [1]. Moreover, the lymphatic system contributes to a number of pathological processes
such as primary and secondary lymphedema, cancer metastasis, inflammation and transplant
rejection [2]. In some pathological conditions such as cancer dissemination and transplant re-
jection, the inhibition of lymphangiogenesis, the growth of new lymphatic vessels (LVs) from
pre-existing ones, has been considered as a new therapeutic approach [3]. On the other hand,
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the activation of lymphangiogenesis might be beneficial for the treatment of lymphedema and
chronic skin inflammation [4]. Given the importance of lymphangiogenesis as a therapeutic
target and the need for further insights into the contribution of lymphangiogenesis to patho-
logical conditions, substantial efforts have been invested in generating mouse models that
allow the visualization of LVs in vivo and the isolation of lymphatic endothelial cells (LECs) for
transcriptome analyses. To date, several transgenic mouse lines for fluorescent detection of
LVs have been described. These lines are based on gene-targeted bacterial artificial chromo-
some (BAC) transgenic constructs for the expression of either GFP [5], mOrange [6] or tdTo-
mato [7] under ProxI transcriptional control. The expression of an EGFP-luciferase dual
fluorescent-bioluminescent reporter under the control of Flt4 (vascular endothelial growth fac-
tor 3) regulatory elements has also been reported [8]. Additional LV detection techniques used
in mice include positron emission tomography (PET) combined with radiolabeled anti-LYVE-
1 antibodies [9], the injection of liposomal preparations of indocyanine green [10] and the use
of PEG-conjugated near infrared dyes [11]. Here, we describe the generation of a tdTomato re-
porter mouse line and show the specific labeling of the LVs after crossing with a Prox1-Cre-
ERT?2 line [12]. For the first time, we show the applicability of this lymphatic-specific reporter
mouse to intravital microscopy (IVM) of dendritic cell (DC) migration and studies of LV mor-
phology during the early phases of cutaneous inflammation, as well as LEC single cell analysis.
Our findings indicate that this new mouse model has a great potential for studying the lym-
phangiogenic process and related functions in physiological and pathological conditions.

Materials and Methods
Cloning and in vitro testing of the tdTomato reporter construct

The tdTomato coding sequence was amplified by PCR (forward primer 5-ATG GTG AGC
AAG GGC GAG GA-3’, reverse primer 5-AAC AAA AGC TGG GTA CCG GGC-3’) and
cloned into a pCMVbASIRE construct [13] (kindly provided by Dr. Sabine Werner, ETH Zu-
rich) to obtain the pPCMVDbASIRE-tdTomato plasmid. The floxed-STOP cassette was excised
by transformation of MM294-Cre E. coli as previously described [14]. Efficient recombination
of the STOP cassette was tested by restriction digestion analysis. HEK293 cells were transiently
transfected with pCMVDbASIRE-tdTomato or the Cre-recombined plasmid using the PEI
(polyethylenimine) method and analyzed with an inverted fluorescent microscope (Zeiss) 48
hours after transfection.

Generation of the lox-STOP-lox (LSL)-tdTomato reporter mouse

PCMVDbASIRE-tdTomato was digested with AclI and the 4.8 Kbp fragment (LSL-tdTomato)
was purified using the QIAquick gel extraction kit (QIAGEN) and was eluted in sterile water.
LSL-tdTomato reporter mice were generated by pronuclear microinjection of the Acll DNA
fragment into C57BL/6N-fertilized oocytes. Founders were identified by PCR of genomic DNA
using the following primers: FOR 5-GCG TTA CAT AAC TTA CGG TAA ATG GCC C-3’,
REV 5-GGG CGT ACT TGG CAT ATG ATA CAC TTG ATG-3’. Relative transgene copy
number was estimated by real-time PCR on genomic DNA using SYBR green and the following
primer pair for the tdTomato transgene: FOR 5-GCG TTA CAT AAC TTA CGG TAA ATG
GCC C-3’, REV 5°-GGG CGT ACT TGG CAT ATG ATA CACTTG ATG-3’. The following
primer pair was used to amplify a control endogenous gene (podoplanin): FOR 5°-AGG GTA
TGA AAG CCC CAA GC-3°, REV 5-GAG ATA CCC AGG GCG AGG TT-3’. Both reactions
were found to have the same efficiency; therefore, delta Ct (tdTomato Ct—podoplanin Ct) was
used to estimate the relative copy number.
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Mice, breedings and tamoxifen administration

LSL-tdTomato reporter mice were crossed with keratin 5 (K5)-Cre-ERT2 mice obtained from
the MMRRC repository (University of Missouri) [15]. Double transgenic animals were identi-
fied by genotyping. The back skin of double transgenic animals and wild-type littermates (6-8
weeks old) was shaved and painted with 1 mg 4-hydroxytamoxifen (4-OHT, Sigma) dissolved
in ethanol for 5 consecutive days. LSL-tdTomato reporter mice and tdRFP reporter mice [16]
were crossed with Prox1-Cre-ERT2 mice [12]. Double transgenic animals were identified by
genotyping. Double transgenic adult animals and wild-type control littermates were intraperi-
toneally injected with tamoxifen three times a week for two weeks (5 1 ug/g body weight,

10 mg/ml tamoxifen in sunflower seed oil, Sigma). Prox1-mOrange2 mice were described pre-
viously [6].

Induction of skin inflammation

A contact hypersensitivity reaction to oxazolone was induced in the ears of 7-weeks-old
Prox1-Cre-tdTomato mice as described previously [17]. Briefly, a 2% oxazolone solution
(4-ethoxymethylene-2 phenyl-2-oxazoline-5-one; Sigma-Aldrich) in acetone/olive oil (4:1
vol/vol) was applied topically to the shaved abdomen (50 pl) and to each paw (5 ul). Five days
after sensitization (day 0), both ears were challenged by topical application of 10 pul oxazolone
(1%) on each side. Ear thickness was measured with a caliper.

IVIS imaging, stereomicroscopy and intravital microscopy

K5-Cre-tdTomato mice were imaged using an IVIS spectrum (Caliper Life Sciences, Alameda,
CA) with the following settings: excitation 570 nm, emission 620 nm, exposure time: 10 sec, bin-
ning: HR4. Prox1-Cre-tdTomato mice were analyzed with a StereoLumar.V12 stereomicroscope
(Zeiss) equipped with a 550 nm laser (CoolLED, Andover, UK) and a Texas Red filter set (Zeiss).
For intravital confocal and multiphoton microscopy, Prox1-Cre-tdTomato, Prox1-Cre-tdRFP
and Prox1-mOrange mice were anesthetized with medetomidine (1 mg/kg) and ketamine

(75 mg/kg) or with 3% isofluorane and the ears were depilated with VEET cream. Mice were
transferred to a custom-made microscopy stage and placed into a 37°C incubator chamber in-
stalled on the microscope platform. Intravital microscopy was performed on a Leica TCS SP8
MP inverted confocal/multiphoton microscope (Leica). Z-Stacks were acquired using a 20x
0.7NA PH2 HC Plan Apochromat objective. Images were analyzed with IMARIS (v7.1.1, Bit-
plane, Zurich, Switzerland) and Image]J software.

Intravital microscopy of dendritic cell migration

Bone marrow derived DCs were generated from the bone marrow of CD11c-YFP mice as de-
scribed [18]. 5 x 10° bone marrow DCs were injected into the ventral side of the ear pinna. After
4-6 hours, mice were anesthetized with medetomidine (1 mg/kg) and ketamine (75 mg/kg), and
the ears were depilated with VEET cream. Intravital microscopy was performed as described by
Nitschke et al. [18]. Briefly, mice were transferred to a custom-made microscopy stage and
placed into a 37°C incubator chamber installed on the microscope platform. Imaging was per-
formed on a Zeiss LSM 710 inverted confocal microscope (Carl Zeiss AG). A 1 hour time-lapse
video including Z-Stacks every 30 seconds was acquired using a 20x 0.8 NA Plan Apochromat
objective. An Argon laser (488 nm, for YFP excitation) and a solid-state laser (561 nm, for tdTo-
mato excitation) were used for image acquisition. Videos were analyzed with IMARIS software
(v7.1.1, Bitplane, Zurich, Switzerland).
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Ethics statement

All mice used in this study were bred and housed in the animal facility of ETH Zurich. Experi-
ments were performed in accordance with animal protocols 149/2008, 237/2013 and 190/2011
approved by the local veterinary authorities (Kantonales Veterinaramt Ziirich).

Immunofluorescence analysis of tissue whole mounts

Mice were sacrificed, hair was removed with depilation cream and ears were harvested and
split into two halves along the cartilage. Ear tissues or lymph nodes were fixed for two hours in
4% PFA at 4° C, washed for 1 hour in PBS and incubated in blocking solution (5% normal don-
key serum, 1% BSA, 0.01% Triton-X 100 in PBS) for 4 hours at room temperature. Subsequent-
ly, samples were incubated overnight at room temperature with primary antibodies in blocking
solution: rabbit anti-RFP (1:300, Rockland), goat anti-LYVE-1 (1:200, R&D Systems), goat
anti-Prox1 (1:200, R&D Systems). After extensive washes in PBS, samples were incubated for 2
hours at room temperature with AlexaFluor 488, 594 or 647- conjugated secondary antibodies
raised in donkey (1:200, Invitrogen). After at least 2 hours of washes in PBS, samples were
mounted with Vectashield mounting media (Vector) on glass slides. Whole mount z-stacks
were acquired using an LSM 710 FCS confocal microscope equipped with a 10x 0.3 NA EC
Plan-Neofluar objective using ZEN software (Zeiss), and were processed with Image] software.

FACS analysis of ear single cell suspensions

Ears were digested with collagenase IV (Invitrogen) as described [19]. Ear single cell suspen-
sions were stained with the following antibodies: rat anti-CD45-APC-Cy7 (1:250, Biolegend),
rat anti-CD31-APC (1:100, BD), hamster anti-podoplanin (1:100, clone 8.1.1, Developmental
Studies Hybridoma Bank, University of Iowa) and anti-hamster-Alexa 488 (1:200, Invitrogen).
FACS analysis was performed on a BD Fortessa analyzer (BD Biosciences) using the FACSDiva
software. Data were analyzed with FlowJo software (TreeStar).

Ultramicroscopy analysis of lymph node whole mounts

Mice were sacrificed and lymph nodes were dissected and fixed in 4% PFA. After a wash in
PBS, samples were permeabilized in 0.5% Triton-X 100 in PBS. After a wash in PBS, samples
were blocked in blocking solution (1% BSA, 0.1% Tween-20 in PBS) and subsequently incubat-
ed with primary antibodies diluted in blocking solution. The antibodies used were rabbit anti-
RFP (1:100, Rockland) and goat anti-LYVE-1 (1:100, R&D Systems). Samples were washed in
PBS 0.1% Tween-20 (PBS-T) and incubated with AlexaFluor 488 and 647-conjugated second-
ary antibodies (1:200, Invitrogen) in blocking solution. After a wash in PBS-T, samples were
embedded in 1% ultrapure low melting point agarose, dehydrated with methanol and cleared
with BABB (benzyl alcohol/ benzyl benzoate 1:2) [20]. Briefly, samples were dehydrated in a se-
ries of 50%, 70%, 95% (at least 1 hour each) and 100% methanol (overnight) and cleared for 1
hour in 50% BABB in methanol and finally in BABB for at least 8 hours. Samples were stored
in BABB at 4°C in the dark until image acquisition. Images were acquired using a LaVision Ul-
tramicroscope (LaVision BioTec, Bielefeld). Stacks were captured using 2 pm step size and 2.5x
magnification. Maximum projection of a 260 um z-stack was obtained using the Image]J
software.
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Results
Generation of the tdTomato reporter mouse

The tdTomato coding sequence was cloned under the control of a CMV-enhancer, B-actin pro-
moter (CAG) and downstream of a transcriptional/translational-floxed stop cassette (LSL)
(Fig 1A), allowing a strong expression of the tdTomato transgene upon Cre recombination of
the floxed STOP cassette. In order to test the construct in vitro, HEK293 cells were transiently
transfected with the plasmid with or without the STOP cassette. TdTomato was expressed spe-
cifically upon recombination of the floxed STOP cassette (Fig 1B), confirming that the con-
struct was efficient and not leaky. An AclI fragment was utilized for the generation of a
transgenic mouse line by injection into the pronucleus of fertilized C57BL/6N oocytes. Five
founders were identified by PCR of genomic DNA (Fig 1C) and designated as C57BL/6N-Tg
(CAG-tdTomato)581-585Biat. Three founders (number 2, 4 and 26) bred normally and trans-
mitted the transgene to the progeny with Mendelian distribution. The relative copy number of
the transgene was estimated by real-time PCR of genomic DNA in comparison with a control
gene (podoplanin). Founder 4 carried the highest amount of copies, founder 2 the least and
founder 26 an intermediate number of copies (Fig 1D).

TdTomato is expressed in the skin upon crossing of the LSL-tdTomato
reporter mice with a K5-Cre-ERT2 line

To test the expression of tdTomato in vivo upon recombination of the STOP cassette, and to
select the best founder for further experiments, we crossed the LSL-tdTomato reporter mice
with a mouse line expressing Cre recombinase under control of the skin-specific keratin 5 pro-
moter in an inducible fashion (K5-Cre-ERT2) [15]. Cre expression was induced in double
transgenic and wild-type littermate adult mice by applying 4-hydroxytamoxifen (4-OHT) in
ethanol on the shaved back skin for 5 consecutive days (Fig 2A). Before treatment and two
days after the last application, mice were imaged using an IVIS spectrum. Imaging of represen-
tative animals derived from founder line 2 clearly demonstrated tdTomato expression in the
treated back skin (Fig 2B, dashed line). We also observed systemic activation in other skin com-
partments (i.e. tail and paws, Fig 2B) since 4-OHT is absorbed through the skin and is readily
active. These results confirmed that the LSL-tdTomato reporter mouse is suitable for imaging
of tdTomato expression upon genetic recombination in vivo. Founder line 2 showed a strong
and complete pattern of expression as compared to the other founders (data not shown), and
was therefore used for all consecutive experiments.

TdTomato is expressed in Prox1 positive cells upon crossing of the LSL-
tdTomato reporter mice with a Prox1-Cre-ERT2 line

The transcription factor Prox1 regulates the development of the lymphatic system and main-
tains lymphatic identity throughout life [21, 22]. We crossed the previously characterized
Prox1-Cre-ERT2 mouse line [12] with the LSL-tdTomato reporter line. In order to induce Cre
expression, adult mice were injected intraperitoneally with tamoxifen (50 ug/g body weight),
three times a week for two weeks and analyzed as early as two days after the last application
(Fig 3A). Tamoxifen-treated mice were imaged using a stereomicroscope. Known Prox1 ex-
pressing organs, including the lens (Fig 3B), the heart (Fig 3C) and the liver (Fig 3D), showed
strong fluorescence. LVs were clearly identifiable in different anatomical locations due to their
clear tdTomato expression. Fig 3 shows representative stereomicroscopic images of LVs in the
mesentery (E), tongue (F), uterus (G), bladder (H), inguinal lymph node (K, L), auricular
lymph node (J) and ear skin (I). In many organs, lymphatic valves were readily visible and

PLOS ONE | DOI:10.1371/journal.pone.0122976  April 7, 2015 5/18



@’PLOS | ONE

A tdTomato Reporter Mouse for Lymphatic Research

A LSL-tdTomato

CAG LSL
Acll N
. loxP
CMV B-actin STOP SV40
enhancer [| promoter ‘ cassette eI polyA _|
— Acll
genotyping primers
4.8 Kbp
B + STOP -STOP
e} | 4
Q
=
-5, g tdTomato
51 191 bp
i)
©
5
'-5 g !L-2 ctrl
= 350 bp

D Transgene relative copy number
0=
4
5 2- B founder2
S 0- 1 founder4
o
S . ] founder 26
4 1
-6-

Fig 1. Generation of the tdTomato reporter mouse. A Schematic representation of the LSL-tdTomato construct used for pronuclear microinjection. B
HEK293 cells were transiently transfected with the construct with or without the STOP cassette. TdTomato fluorescence was analyzed 48 hrs post
transfection with an inverted microscope and was visible only upon excision of the STOP cassette. C PCR genotyping of genomic DNA extracted from ear
biopsies identified founder animals (f.I. founder line) positive for the transgene (tdTomato; 191 bp amplicon). A control gene (IL-2; 350 bp amplicon) was used
for genomic DNA quality. D Transgene relative copy number was estimated by real-time PCR of genomic DNA. Primers specific for the transgene and for a
control gene were used and the delta Ct was calculated. Founder 2 carried the least amount of copies, founder 4 the highest and founder 26 an

intermediate number.

doi:10.1371/journal.pone.0122976.g001
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Fig 2. TdTomato is expressed in the skin upon crossing of the reporter mice with a K5-Cre-ERT2 line. A Schematic representation of the breeding to
K5-Cre-ERT2 and of 4-hydroxytamoxifen (4-OHT) applications on the shaved back skin (1 mg in ethanol for five consecutive days). B Prior (day 0) and after
4-OHT application (day 7), mice where imaged with the VIS spectrum (excitation: 570 nm; emission: 620nm; exposure time: 10 sec; binning: HR4. Color
scale min = 2600 counts, max = 13000 counts). TdTomato was expressed in the skin of double positive, treated animals. Dashed line indicates the 4-OHT
treated shaved back skin.

doi:10.1371/journal.pone.0122976.9002

characterized by a stronger tdTomato fluorescence (arrowheads in Fig 3). Freshly isolated and
unfixed lymph node and ear skin samples were also analyzed by confocal microscopy. Fig 3M
shows clearly visible tdTomato endogenous fluorescence in the lymph node subcapsular sinus.
In the ear skin (Fig 3N), endogenous tdTomato signal was found in LV structures, with a stron-
ger signal in valves (arrowheads in Fig 3N). Some single cells positive for tdTomato were also
visible. Taken together, these data show that tdTomato expression faithfully recapitulated
Prox1 expression.

TdTomato expression co-localizes with lymphatic markers in different
organs

In order to confirm specific tdTomato expression in LVs, we performed whole mount immu-
nofluorescent stainings of PFA fixed ear skin using an antibody against tdTomato (RFP), since
the endogenous tdTomato signal could not be preserved after PFA fixation, and the established
lymphatic markers Prox1 and LYVE-1. TdTomato co-localized with LYVE-1 positive lymphat-
ic capillaries in the skin (Fig 4A). Moreover, lymphatic collectors, which are characterized by a
lower expression of LYVE-1 but retain Prox1 expression in adult mice, were strongly positive
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Fig 3. TdTomato is expressed in Prox1 positive cells upon crossing of the reporter mice with a Prox1-Cre-ERT2 line. A Schematic representation of
the breeding to Prox1-Cre-ERT2 and the tamoxifen administration regimen utilized (1 pg/g body weight in sunflower seed oil, intraperitoneally (ip), three
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times a week for two weeks). TdTomato expression was analyzed with a stereomicroscope and was detected in the eye (B), heart (C) and liver (D).
TdTomato was visible in lymphatic structures in the mesentery (E), tongue (F), uterus (G), bladder (H), ear skin (ripped in half, I), lymph nodes of the neck
area (J) and the inguinal lymph node (K). Ex vivo imaging of an inguinal lymph node (L). M Confocal imaging of tdTomato autoflorescence showed lymphatic
structures in a freshly isolated lymph node. Maximal intensity projection of a tile scan, z-stack of the lymph node is shown. N Confocal imaging (maximal
intensity projection of a z-stack) of tdTomato autoflorescence showed lymphatic structures in a freshly isolated split ear sample. Arrowheads indicate
lymphatic valves. Scale bars = 2000 um (D-C), 1000 pm (J, K), 500 pm (E-I, L), 100 um (M-N). Images shown are representative of 3 transgenic animals
analyzed from 2 independent litters.

doi:10.1371/journal.pone.0122976.9003

for tdTomato (Fig 4A, dashed line). TdTomato positive lymphatic capillaries and collectors
were also Prox1 positive (Fig 4B). In ear skin, some tdTomato single cells were also visible, but
they did not co-localize with LYVE-1 or Prox1 (Fig 4A and 4B). These single cells were also
negative for the major histocompatibility complex (MHC) II expressed by antigen presenting
cells, and for the pan-leukocyte marker CD45 (not shown). FACS analysis of ear single cell sus-
pension (Fig 4C) revealed that LECs (CD45- CD31+ podoplanin+) expressed tdTomato. In
contrast, blood vascular endothelial cells (BEC, CD45- CD31+ podoplanin-) and leukocytes
(CD45+) did not show any tdTomato expression. We additionally performed ultramicroscopic
analysis of lymph nodes that were immunostained for LYVE-1 and tdTomato and then were
optically cleared (Fig 4D). We found a clear co-localization of the lymphatic marker LYVE-1
with tdTomato (Fig 4D). The pattern of LVs in the lymph node was prominent in the subcap-
sular sinus and between the lobes. Further confocal analysis of lymph node whole-mount prep-
arations showed the presence of LYVE-1+RFP+ LV together with LYVE-1+RFP- cells,
presumably macrophages, in the subcapsular sinus (Fig 4E). Collectively, these data confirm
the lymphatic identity of the tdTomato-positive vessel-like structures.

Comparison of the Prox1-Cre-tdTomato mouse with other RFP reporters

In order to compare the tdTomato reporter to other red fluorescent reporters for the imaging
of LVs, we directly compared Prox1-Cre-tdTomato mice with Prox1-Cre-ERT2 mice crossed
with the previously established reporter line tdRFP [16]. Intravital confocal microscopic analy-
sis of mouse ear skin performed with the same microscope settings and laser power showed
considerably brighter LVs in the Prox1-Cre-tdTomato mouse than in the Prox1-Cre-tdRFP
mouse (Fig 5A). Only the application of a higher laser power allowed visualization of LVs in
the Prox1-Cre-tdRFP mouse (Fig 5B). Multiphoton microscopy was used to reach deeper into
the tissue and to image collecting vessels. Also in this setting, the Prox1-Cre-tdTomato mouse
performed better than the Prox1-Cre-tdRFP mouse (Fig 5C).

Additionally, we imaged a previously characterized LV reporter line, namely the Prox1--
mOrange mice which express the fluorescent protein mOrange under direct Prox1 transcrip-
tional control [6]. Intravital confocal imaging of ear skin showed clear labeling of LVs (Fig 5D).
However, the distribution of the fluorescent signal appeared more nuclear as compared to the
Prox1-Cre-tdTomato mouse, as shown in the orthogonal view where the lumen of the LVs was
better visualized (Fig 5D).

The Prox1-Cre-tdTomato mouse is a valid tool for intravital microscopy
of DC migration

One of the major functions of the lymphatic system is the trafficking of DCs from the periphery
to the lymph nodes [23]. To test the use of the lymphatic reporter mouse for the analysis of DC
migration, Prox1-Cre-tdTomato mice were injected with YFP-expressing DCs and imaged by
intravital microscopy (IVM). Endogenous tdTomato-fluorescence was clearly visible in the
LVs imaged with the IVM settings (Fig 6A). YFP-DCs were imaged for 1 hour and could be
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Fig 4. TdTomato expression co-localizes with lymphatic markers in different organs. A Whole mount preparations of ear samples showed co-
localization of the lymphatic marker LYVE-1 with tdTomato (detected with an anti-RFP antibody). Dashed line indicates a lymphatic collector vessel (LYVE-1
low, tdTomato high). B Whole mount preparations of ear samples showed co-localization of the lymphatic marker Prox1 with tdTomato. Upper panels show
lymphatic collectors, middle panels show lymphatic capillaries and lower panels show a magnification of the area indicated in the middle panels. C FACS
single cell analyses revealed tdTomato expression in the LEC population (CD45- CD31+ podoplanin+), but not in the BEC (CD45- CD31+ podoplanin-) or in
the leukocyte (CD45+) populations. D Ultramicroscopic analysis of an immunostained and optically cleared lymph node showed colocalization of LYVE-1
and tdTomato. Maximum projection of a 260 pm z-stack. E Whole mount preparation of a lymph node sample showed the presence of LYVE-1+RFP

+ lymphatic endothelium in the subcapsular sinus. LYVE-1+RFP- single cells are most likely macrophages. Data are representative of 4 transgenic animals
analyzed from 2 independent litters. Scale bars: 100 um.

doi:10.1371/journal.pone.0122976.9004

easily tracked inside the LVs or in the interstitium (S1 Video). Fig 6B shows the tracks of sever-
al DC crawling inside LVs. It was possible to image in vivo over time the entry of DC into the
lymphatic capillaries. As shown in the representative orthotopic view (Fig 6C) and in the 52
Video, an YFP-positive DC makes first contact with a tdTomato-positive LV and finally enters
it, squeezing through the cell-cell openings. These data show the applicability of the
Prox1-Cre-tdTomato mouse to the analysis of immune cell trafficking into and within the LV's
in vivo.

The Prox1-Cre-tdTomato mouse facilitates the FACS sorting of LECs

LEC:s finely regulate their gene expression in response to inflammatory stimuli and play an im-
portant role in modulating inflammatory responses, as shown by gene expression analyses of
sorted LEC from inflamed and uninflamed tissues [4, 24]. Until now, staining for multiple anti-
gens is needed in order to sort pure populations of LECs from complex single cell suspensions
[25]. We next investigated whether the Prox1-Cre-tdTomato mice might simplify LEC isola-
tion from ear single cell suspensions. We found that about 60% of tdTomato-positive cells
were CD45-negative, CD31-positive endothelial cells (Fig 7). An additional CD45-negative,
CD31-negative population accounted for about 40% of tdTomato-positive events (Fig 7).
Among the endothelial cells, 98% were identified as LEC (CD31-positive and podoplanin-posi-
tive, Fig 7), suggesting that a pure LEC population can be obtained from the ears of Prox1-Cre-
tdTomato mice by sorting tdTomato-positive, CD31-positive cells, simplifying existing sorting
protocols [25]. The identity of the additional tdTomato-positive population remains to

be elucidated.

Progressive enlargement of the lymphatic vessel diameter during the
early phases of skin inflammation

We next used the Prox1-Cre-tdTomato mouse model to investigate the early morphological
changes that the lymphatic vasculature might undergo upon induction of inflammation. To
this aim, we induced a contact hypersensitivity reaction to oxazolone in the ears and performed
intravital confocal microscopy over time (Fig 8A). We observed a progressive enlargement of
the LV diameter during the first 48 hours after induction of inflammation (Fig 8B). However,
the total vessel length did not change during the time points analyzed (not shown). Together
with the LV enlargement, the ear thickness progressively increased (Fig 8C). Collectively, these
observations indicate that enlargement of the vessel diameter represents the earliest morpho-
logical change that occurs in LVs upon acute inflammation.

Discussion

In this report, we describe the generation of an inducible tdTomato reporter mouse and its ap-
plicability to lymphatic research. The induced Prox1-Cre-tdTomato mice showed bright red
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Fig 5. Comparison of the Prox1-Cre-tdTomato mouse with the Prox1-Cre-tdRFP mouse. A Intravital confocal microscopy revealed brighter lymphatic
vessels in the Prox1-Cre-tdTomato mouse than in the Prox1-Cre-tdRFP mouse (images acquired applying the same laser power and settings). B LVs can be
visualized in Prox1-Cre-tdRFP mice only by applying a higher laser power. C Intravital multiphoton microscopy allowed the imaging of deep lymphatic
collectors (arrowheads indicate valves), which were better visualized in Prox1-Cre-tdTomato mice. D Orthogonal analysis showed better visualization of the
lymphatic vessel lumen in Prox1-Cre-tdTomato mice than in Prox1-mOrange mice, suggesting diffuse dye distribution in LECs. Scale bars: 100 pm.

doi:10.1371/journal.pone.0122976.9005

Prox1-Cre-tdRFP

fluorescence in LVs and could be successfully applied to in vivo microscopy of DC migration
and of LV morphology during acute inflammation, and to FACS analyses of LECs isolated
from complex tissues.

TdTomato is the brightest among the red-fluorescent proteins, derived from directed evolu-
tion of DsRed [26], and it is therefore well-suited for in vivo imaging and multi-color FACS
analysis. Accordingly, we found that the tdTomato reporter mouse had increased brightness of
LVs and allowed an increased depth of imaging, as compared to a previously generated tdRFP
reporter line [16]. Moreover, tdTomato is more photostable than tdRFP since we observed con-
siderably less photobleaching when performing IVM of DC migration over one hour in
Prox1-Cre-tdTomato mice as compared to our previous experience with VE-cadherin-Cre-
tdRFP mice [18].

We cloned tdTomato under the control of a strong ubiquitous promoter and a transcrip-
tional/translational-floxed STOP cassette, and generated a transgenic reporter line. In a prelim-
inary study, we crossed the obtained founder lines to an inducible, skin specific, Cre
recombinase expressing mouse line: K5-Cre-ERT?2. Surprisingly, founder line 2, which was
characterized by the least number of copies, had the strongest and most uniform tdTomato ex-
pression. Since the reporter was generated by pronuclear microinjection, which results in
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Fig 6. The Prox1-Cre-tdTomato mouse is a valid tool for intravital microscopy of DC migration. A Maximum intensity projection of a z-stack of a mouse
earimaged with the IVM settings. The tdTomato positive LVs were clearly visible. Scale bar: 70 um. B YFP-DCs were injected into the ear and imaged for 1
hour in an inverted confocal microscope. The image corresponds to the maximum intensity projection of single frame z-stack where the migratory tracks of

DCs are shown. Scale bar: 70 um. C Orthogonal view of the entry of a DC into the LV is visualized over time. Four representative time points from a 1-hour
video are shown. Scale bar: 20 um.

doi:10.1371/journal.pone.0122976.9006

random transgene integration into the genome, we assume the impact of position effects on the
expression pattern. It is possible that the integration sites of founders with higher copy num-
bers are in genomic regions that disturbed their transcription, or the high copy number itself
was responsible for repeat-induced silencing of the transgene [27, 28].

In contrast to the previously published BAC-based models for fluorescent imaging of lym-
phatic vessels [5-7], our approach involved the generation of a reporter mouse with a floxed
STOP cassette followed by tdTomato, and its crossing with an inducible, lymphatic specific
Cre expressing line, allowing not only tissue specificity, but also time specificity of induction.
Several lymphatic specific Cre lines have been generated so far. Most of them, however, are
characterized by extra-lymphatic Cre expression. A LYVE-1-Cre line expressed Cre recombi-
nase in a subset of blood vascular endothelial cells and leukocytes [29]. A podoplanin-Cre line
was also described [30], but the expression of this transmembrane protein is also prominent in
stromal cells of lymph nodes and secondary lymphoid organs; therefore, it is not well suited for
LV imaging and analysis in the lymph node. Thus, we chose to cross the reporter line to a pre-
viously described Prox1-Cre-ERT2 line [12]. This line shows some extra-lymphatic expression
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Fig 7. The Prox1-Cre-tdTomato mouse facilitates FACS sorting of LECs. An ear single cell suspension was analyzed with a BD Fortessa flow cytometer.
The tdTomato+ population contained 60% of CD45- CD31+ podoplanin+ LEC and 40% of CD45- CD31- cells. The sorting of tdTomato+ CD31+ cells allowed
the isolation of a pure LEC population. Data are representative of 4 transgenic animals analyzed from 2 independent litters.

doi:10.1371/journal.pone.0122976.9007

of Cre recombinase, in line with the known function of Prox1 as a transcription factor in spe-
cific tissues. We detected strong tdTomato expression in the liver, heart and lens, where Prox1
is normally expressed [5, 7]. Importantly, in anatomical locations where LVs are usually ana-
lyzed, such as the skin and the lymph nodes, tdTomato expression was strong on LV, as
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Fig 8. Progressive enlargement of the lymphatic vessel diameter during the early phases of skin inflammation. A Prox1-Cre-tdTomato mice (n =5)
were imaged at 0, 6, 20 and 48 hrs after the induction of a cutaneous hypersensitivity reaction by intravital confocal microscopy. Scale bars: 100 um. B
Morphological analysis revealed progressive enlargement of the LV diameter over time. Data represent means + SEM, statistical significance was analyzed
using the unpaired student t-test, *p<0.05. C Ear thickness increased over time. Data represent means + SEM, statistical significance was analyzed using
1-way ANOVA and Dunnett’s post test, ***p<0.0001.

doi:10.1371/journal.pone.0122976.g008
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evidenced by co-staining for the lymphatic markers LYVE-1, Prox1 and podoplanin in whole-
mount preparations and FACS analyses. It is of interest that a yet unknown subpopulation of
single cells positive for tdTomato was identified in the skin. As shown by whole-mount stains
and FACS analyses, this population was not positive for Prox1, MHC-II or CD45. Characteri-
zation of the previously described Prox1-driven lymphatic reporters, namely the ProxTom [7]
and the Prox1-GFP mouse lines [5], did not indicate the presence of this single cell population
in the skin. The identity of this population is presently not clear and merits further study. Nev-
ertheless, since this cell population appeared to be immobile, its presence did not interfere with
the IVM analysis of DC migration.

The direct fluorescent visualization of the lymphatic vasculature in distinct transgenic and
knockout mouse models could be advantageous. Since the Prox1-Cre-tdTomato mouse fea-
tures two alleles transmitted independently (the Prox1-driven Cre recombinase and the induc-
ible tdTomato reporter), this application will require the generation of triple-transgenic mice.

Tissue fixation with PFA required the use of an anti-RFP antibody to detect tdTomato,
since the endogenous fluorescence could not be preserved. Other fixation methods such as per-
iodate-lysine-paraformaldehyde might preserve endogenous tissue fluorescence, as described
by Truman et al [7]. Moreover, whole mount staining for some antigens might also work omit-
ting the fixation step. However, in many applications, such as IVM, FACS analysis and stereo-
microscopic analysis, tissue fixation is not required and the endogenous fluorescence could be
easily detected.

Application of the Prox1-Cre-tdTomato mouse for the analysis of DC migration in the ear
skin enabled the observation of DCs interacting with LECs and their entry into the LVs. Once
inside the vessels, DCs actively migrated and crawled within the LVs. Until recently, DCs were
thought to be passively transported by flow from the periphery to the draining lymph nodes
once they had entered the LV. Recent studies, however, have shown that after transmigration,
DCs actively crawl within the LV [18, 31]. DC migration has been shown to be integrin-inde-
pendent [32], whereas the CCR7-CCL21 axis plays a key function [31]. In these reports, the vi-
sualization of the lymphatic vasculature was obtained either by antibody staining [31, 32] or by
the use of a pan-vascular reporter mouse, the VE-cadherin-Cre mouse line, in which both
blood and lymphatic vessels can be visualized [18]. Our model has some advantages compared
to the latter ones, since it can specifically visualize LVs and does not require antibody staining.
Moreover, the LVs in our model are red-fluorescent and enable the combined visualization of
GFP and YFP fluorescent leukocytes. This model could therefore be applied to further IVM
studies, aiming to unravel additional cellular players and molecular interactions involved in the
complex mechanisms of DC migration.

We also applied our animal model to the simplification of existent LEC FACS sorting proto-
cols [25]. Single-cell sorting is a powerful tool to isolate a pure cell population from a complex
tissue digest and to analyze its protein or gene expression. This technique allowed not only the
discovery of novel molecules differentially expressed by LECs and BECs [33], but also the in-
vestigation of the changes in gene expression that occur in LECs upon different inflammatory
stimuli [34]. Our animal model allowed the separation of a pure LEC population from ear sin-
gle cell suspensions by use of the intrinsic tdTomato fluorescence and staining for the pan-en-
dothelial marker CD31, thereby simplifying the 4-colour staining currently used. Our data are
in agreement with a previous report that took advantage of the ProxTom mouse [35].

Finally, the Prox1-Cre-tdTomato mouse allowed to directly visualize and monitor over time
by IVM the first morphological changes of LV that occur during acute inflammation, namely
the progressive enlargement of LVs diameter, using a cutaneous contact hypersensitivity
model. Until now, most related studies have focused on later time points of inflammation and
have analyzed morphological changes in the lymphatic vasculature by histology [17]. The
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possibility to image the same mouse at different time points also provides the advantage to re-
duce the number of animals needed for analysis.

Collectively, our data show that the Prox1-Cre-tdTomato mouse model shows bright red-
fluorescent LVs and has important applications to IVM of leukocyte migration into and within
LVs, in vivo studies of LV morphology and ex vivo FACS analyses of LEC. It is therefore a use-
tul novel tool for the study of LVs in physiological and pathological conditions and it will be
certainly of great use to lymphatic research.

Supporting Information

S1 Video. Intravital microscopy of dendritic cell migration. YFP-DCs were injected into the
ear and a frame was acquired every thirty seconds for 1 hour in an inverted confocal micro-
scope. The video shows DCs (green) moving in the interstitium and in lymphatic vessels (red).
Video speed: 5 frames per second.

(AVI)

S2 Video. Intravital microscopy of dendritic cell migration. YFP-DCs were injected into the
ear and a frame was acquired every thirty seconds for 1 hour in an inverted confocal micro-
scope. The video shows a DC (green) entering a lymphatic vessel (red). An orthogonal view is
provided to enhance visibility of the DC location inside the lymphatic vessel. Video speed: 5
frames per second.

(AVI)
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